Background: Phosphatidic acid (PA) is a class of membrane lipid mediators synthesized in response to various stresses in plants.
Phosphatidic acid (PA) is a class of lipid messengers involved in a variety of physiological processes. To understand how PA mediates cell functions in plants, we used a PA affinity membrane assay to isolate PA-binding proteins from Camelina sativa followed by mass spectrometric sequencing. A cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPC) was identified to bind to PA, and detailed analysis was carried out subsequently using GAPC1 and GAPC1 from Arabidopsis. The PA and GAPC binding was abolished by the cation zinc whereas oxidation of GAPCs promoted the PA binding. PA had little impact on the GAPC catalytic activity in vitro, but the PA treatment of Arabidopsis seedlings induced proteolytic cleavage of GAPC2 and inhibited Arabidopsis seedling growth. The extent of PA inhibition was greater in GAPC-overexpressing than wildtype seedlings, but the greater PA inhibition was abolished by application of zinc to the seedling. The PA treatment also reduced the expression of genes involved in PA synthesis and utilization, and the PA-reduced gene expression was partially recovered by zinc treatment. These data suggest that PA binds to oxidized GAPDH and promotes its cleavage and that the PA and GAPC interaction may provide a signaling link coordinating carbohydrate and lipid metabolism.
Biological membranes are composed of different types of lipids with distinct properties and functions. Lipids in the membrane not only structurally compartmentalize the cell but also act as second messengers to transduce cellular signals. Signaling lipids normally exist in a trace amount in the membrane and are synthesized rapidly and transiently in response to external stimuli to activate downstream signaling pathways. The minor membrane lipid phosphatidic acid (PA) 2 has been shown as an important lipid messenger that mediates a variety of cellular and physiological processes in plants (1) (2) (3) . The cellular level of PA is increased under various stress conditions, such as treatments of abscisic acid (ABA) (4), osmotic stress (5-7), oxidative stress (8) , pathogen infection (9, 10) , and cold and freezing conditions (11) (12) (13) . In addition, PA is involved in regulating normal plant growth and development, particularly in roots (14, 15) and pollen tubes (16, 17) .
One mode of action by which PA mediates cellular effect is by its direct interaction with effector proteins to convey signals (1) (2) (3) . PA was found to interact with abscisic acid-insensitive 1 (ABI1), a protein phosphatase, constitutive triple response 1 (CTR1), a protein kinase, and phosphoethanolamine N-methyltransferase (PEAMT) and inhibit their phosphatase or kinase activities (18 -20) . PA stimulates the catalytic activity of a phosphoinositide-dependent protein kinase (PDK1), sphingosine kinases (SPHK1/2), NADPH oxidases (RbohD/F), a mitogenactivated protein kinase (MPK6), and a SNF1-related kinase (SnRK2) by direct interaction (21) (22) (23) (24) . In addition to regulating the catalytic activity, PA may tether its binding proteins to membranes. PA tethers ABI1 to the plasma membrane, resulting in prevention of ABI1 from translocation into the nucleus where it binds to ATHB6, a transcription factor that negatively regulates ABA responses (18, 25) . A similar process was observed in yeast that PA bound and prevented a transcriptional repressor Opi1 from entering the nucleus where it suppresses lipid biosynthesis (26, 27) . Thus, PA-mediated sequestration of proteins to membranes seems to be a conserved mechanism for the transcriptional regulation of gene expression in response to PA turnover in different organisms.
To understand how PA functions as a lipid mediator, we undertook an untargeted approach to identify PA-interacting proteins and found cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a potential PA-interacting protein. GAPDH catalyzes the conversion of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate in glycolysis, which provides substrate for acetyl-CoA for synthesis of various cellular compounds including lipids (28) . Arabidopsis has two cytosolic GAPDHs, GAPC1 and GAPC2, and a recent study showed that both GAPCs interact with phospholipase D␦ (PLD␦), which directly produces signaling PA by hydrolyzing common membrane phospholipids (29) . These observations raise intriguing questions about the function and significance of PA-GAPC interactions. This report describes the identification and characterization of PA-GAPC interaction and its physiological significance in Arabidopsis seedling growth.
EXPERIMENTAL PROCEDURES
Plant Materials and Growth Conditions-Arabidopsis thaliana wild-type (Col-0) and T-DNA insertion knock-out lines of gapc2 (SALK_016539 and SALK_070902) were obtained from ABRC (Ohio State University). The knock-out mutants were screened for homozygotes as described previously (29) . Transgenic lines overexpressing GAPC2 were generated by cloning GAPC2 (At1g13440) cDNA into p35S-FAST/eYFP vector and transforming the DNA constructs into Arabidopsis by floral dipping. Seeds were surface-sterilized with 70% (v/v) ethanol and 20% (v/v) bleach followed by washing four times with water. Seeds were stratified at 4°C for 2 days and germinated in 1/2 Murashige and Skoog medium with 1.5% (w/v) sucrose under a light cycle of 12-h light/12-h dark at 22°C. After 5 days, seedlings were transferred to 1/2 Murashige and Skoog medium supplemented with various reagents depending on experiments. For lipid treatment, lipids (Avanti Polar Lipids, Alabaster, AL) were prepared by drying the chloroform under a gentle stream of nitrogen gas and resuspending the dried lipid in water followed by sonication before being added to the medium.
Nitrocellulose Membrane Binding Assay and Protein Identification by Mass Spectrometry-Approximately 1 g of 3-weekold wild-type Camelina (Camelina sativa) seedlings grown in soil was ground with liquid nitrogen. Proteins were extracted by adding 4 ml of protein extraction buffer (50 mM Tris-HCl, pH 7.3, 50 mM NaCl, 5% (v/v) glycerol, 1 mM DTT, 0.5 mM PMSF) and cleared by centrifugation at 1,500 ϫ g for 10 min at 4°C. Protein concentration in the supernatant was determined by the Bradford assay, and ϳ500 g of total proteins was used for nitrocellulose membrane binding assay. The assay was carried out as described previously (30) with some modifications. Approximately 10 g of lipid dissolved in chloroform was spotted on a piece of nitrocellulose membrane (0.45-m pore; Whatman) and air-dried for at least 30 min. The membrane was incubated with TBST buffer (10 mM Tris-HCl, pH 7.4, 140 mM NaCl, 0.1% (v/v) Tween 20) containing 0.5% (w/v) fatty acidfree BSA for 1 h to block the membrane, washed three times with TBST buffer, and incubated with proteins overnight at 4°C. The membrane was washed three times with TBST buffer to remove unbound proteins, and bound proteins were either eluted or probed by immunoblotting as described below.
Proteins bound to the PA-nitrocellulose membrane were eluted by incubation of the membrane with 9 M urea for 1 h and recovered as described previously (31) . The resulting protein pellet was dissolved in 50 l of SDS-PAGE sample buffer, boiled for 5 min, and subjected to SDS-PAGE separation. The protein bands were carefully excised from the gel, and proteins were in-gel digested with trypsin (Sigma-Aldrich) at 37°C overnight following the manufacturer's instruction. The digested peptides were run on the LC-tandem MS using an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific). The database search was done with peptide mass fingerprint data using MASCOT v2.2 database search engine (Matrix Science, Boston, MA) against the NCBI database for A. thaliana. The criteria for a significant protein identification were both at least two unique peptides per protein identified and each peptide showing a probability Ͼ80% (MASCOT ion score Ͼ30).
Liposome Binding Assay-The assay was performed as described previously (22) with some modifications. Liposomes were prepared according to the Avanti Polar Lipids Technical Support. PC and PA (or PE) were mixed in the molar ratio of 3:1 and with the total amount of 10 mol and dried with a gentle stream of nitrogen gas. Lipids were rehydrated for 1 h with HBS buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 0.02% (w/v) sodium azide). Small unilamellar vesicles were produced by a mild sonication using a bath sonicator until the solution became nearly clear, and centrifugation at 50,000 ϫ g for 15 min removed large particles. The liposome pellet was resuspended in binding buffer (25 mM Tris-HCl, pH 7.5, 125 mM KCl, 1 mM DTT, 0.5 mM EDTA) and incubated with 10 g of purified proteins for 1 h. Liposomes were harvested by centrifuging at 16,000 ϫ g for 30 min, washed three times with the binding buffer, and resuspended in SDS-PAGE sample buffer for immunoblotting.
SDS-PAGE and Immunoblotting-Protein samples were dissolved in SDS-PAGE sample buffer, boiled for 5 min, and loaded on 10% (v/v) polyacrylamide gel. The gel was run at 100 V for ϳ1 h and stained with Coomassie Brilliant Blue for 1 h, followed by washing with methanol:water:acetic acid (3:6:1, v/v/v) to remove background stain. For immunoblotting, proteins were electrophoretically transferred from the gel onto a polyvinylidene fluoride (PVDF) membrane using the Semidry Trans-Blot apparatus (Bio-Rad). The membrane was blocked in TBST buffer containing 5% (w/v) nonfat milk for 1 h, followed by washing three times with TBST buffer. The membrane was incubated with primary antibodies (anti-His 6 from Sigma-Aldrich, anti-FLAG and anti-histone H3 from GenScript, and anti-PEPC from Rockland, Gilbertsville, PA) for 1 h. After washing three times with TBST buffer, the membrane was incubated with secondary antibodies from mouse or rabbit conjugated with alkaline phosphatase (Sigma-Aldrich) for 1 h, followed by colorimetric detection of the proteins using alkaline phosphatase conjugate substrate (Bio-Rad) according to the manufacturer's instruction.
Surface Plasmon Resonance (SPR) Analysis-SPR assay was performed as described previously (22) . Briefly, a sensor chip preimmobilized with nitrilotriacetic acid was used to capture purified, His-tagged GAPC1 or GAPC2. Response unit (RU) was monitored using a Biacore 2000 system as liposomes composed of 18:1PAϩ18:1PC (1:3 in molar ratio) or 18:1PC only were injected onto the chip. The sensorgrams were plotted by Microsoft Office Excel (2007), and kinetic constants were calculated by Prism v5 (GraphPad Software).
Gene Cloning, Protein Purification, and Activity Assay-GAPC was cloned into pET-28a-c(ϩ) vector, expressed in BL21(DE3)pLysS, and purified using nickel-nitrilotriacetic acid-agarose (Qiagen) as described previously (29) . An NADdependent GAPDH activity assay was performed by spectrophotometric quantification (340 nm) of NADH produced in the reaction according to the method described previously (32) . SPHK1 was expressed in Escherichia coli and purified as described previously (22) .
Nuclear Protein Isolation-Nuclear proteins were extracted as described previously (33) with some modifications. Plant tissues were ground with extraction buffer (50 mM MES, pH 8.5, 25 mM NaCl, 5 mM MgCl 2 , 30% (v/v) glycerol, 5% (w/v) sucrose, 0.1% (v/v) ␤-mercaptoethanol, 0.5% (v/v) Triton X-100, 0.5 mM spermidine) and centrifuged at 3,400 ϫ g for 20 min at 4°C. The pellet was washed with the extraction buffer without Triton X-100 four times at 2,200 ϫ g for 10 min, 1,700 ϫ g for 10 min, 1,700 ϫ g for 8 min, 1,700 ϫ g for 6 min, all at 4°C. The final pellet was resuspended in homogenization buffer (100 mM Tris-HCl, pH 7.2, 0.1% (v/v) ␤-mercaptoethanol, 10% (w/v) sucrose, 5 mM EDTA) and used as a nuclear fraction. Supernatant from the centrifugation at 3,400 ϫ g was centrifuged at 150,000 ϫ g for 30 min at 4°C, and the resulting supernatant was used as a cytosolic fraction.
Reverse Transcription (RT)-PCR and Quantitative Real-time (qRT) PCR-Total RNA was extracted from plant tissues using TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. RNA was quantified by Nanodrop 2000 spectrophotometer (Thermo Scientific) and checked for integrity by agarose gel electrophoresis. Genomic DNA was digested by RQ1 RNase-free DNase (Promega) at 37°C for 30 min, and the enzyme was inactivated with RQ1 DNase Stop Solution at 65°C for 10 min. cDNA was synthesized by a qScript cDNA Synthesis Kit (Quanta BioSciences, Gaithersburg, MD) with a blend of random and oligo(dT) primers. The reaction was at 42°C for 30 min with preincubation at 22°C for 5 min and enzyme inactivation at 85°C for 5 min. The cDNA was amplified with a Taq polymerase using gene-specific primers (supplemental Table  S1 ) through the following thermal cycling conditions: predenaturation at 95°C for 5 min, 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and final polymerization at 72°C for 10 min. PCR products were resolved and visualized on 1% (w/v) agarose gel. RNA extraction and cDNA synthesis were confirmed by amplifying ubiquitin 10. For qRT-PCR, PCR progress was monitored by adding SYBR Green dye using the Step One Plus Real-Time PCR System (Applied Biosystems). The gene expression was normalized with ubiquitin 10 as an internal standard.
RESULTS
Identification of PA-binding Proteins-To discover PA-binding proteins, we used a PA-on-nitrocellulose membrane to incubate with total proteins extracted from an oilseed crop C. sativa in an initial attempt to study the PA signaling in seed lipid metabolism. Proteins bound to the membrane were eluted and subjected to SDS-PAGE ( Fig. 1A) . Several protein bands were present or increased in the PA affinity membrane fraction, but they were absent or detected in a lower level in the membrane applied with the carrier solvent (chloroform) only. These proteins were sequenced by mass spectrometry. Because the Camelina genome has not been fully sequenced, the protein sequences were blasted against the Arabidopsis data base based on genetic similarity between the two closely related plant species (Ͼ90% in genomic identity) (34) .
The mass spectrometry-based protein sequencing identified several candidate PA-binding proteins. Some of them were enzymes involved in carbohydrate metabolism, such as GAPDH, fructose bisphosphate aldolase, and phosphoglycerate kinase. We also identified known PA-binding proteins, such as annexin, a PA-binding protein found in animals (35) , and some isoforms of heat shock protein (Hsp81-3), and tubulins (␣2/4) previously identified (36) . Among the protein candidates identified, GAPDH was particularly of interest because it was recently found to interact directly with PLD␦ (29), an enzyme responsible for PA production. In addition, GAPDH is one of the key enzymes involved in the glycolytic pathway that is critical for energy production and biosynthesis for various compounds, including acetyl-CoA and lipids ( Fig. 1B) . Thus, the present study is focused on the characterization of the PA and GAPDH interaction.
PA Binds to Two Cytosolic GAPDHs-Arabidopsis has two cytosolic GAPDHs, GAPC1 and GAPC2, which share high amino acid sequence identify (Ͼ95%; supplemental Fig. S1 ). GAPC1 and GAPC2 cDNAs were cloned from Arabidopsis, expressed in E. coli as recombinant proteins, and affinity-purified to near homogeneity ( Fig. 2A ). Both purified GAPC1 and GAPC2 effectively converted their substrate (glyceraldehyde 3-phosphate) into product (1,3-bisphosphoglycerate), and thus they were catalytically active (Fig. 2B) .
The nitrocellulose membrane binding assay using the purified proteins demonstrated that both GAPCs bound to PA on the membrane, but not to other phospholipids tested, including PC, PE, PS, PI, or PG (Fig. 3, A and B) . No binding was detected in the empty vector control. SPHK1, a sphingosine kinase known to bind to PA (22) , was included as a positive control for the PA binding assay. In addition, GAPCs did not bind to either of two common polyphosphoinositides PI(4)P or PI(4,5)P 2 (Fig.  3C ). Exposure of the membrane to iodine indicated the pres-ence of the two phosphoinositide lipids on the membrane, suggesting that the failure of detecting positive binding was not due to absence of the lipids from the membrane (Fig. 3C) . We then performed a liposome binding assay to further confirm the interaction between PA and GAPC. Because liposomes are unlikely to be formed by PA alone due to the small size of its head group forming a cone-shaped structure (37), we generated liposomes composed of PA and PC. Both GAPCs bound to PAcontaining liposomes as SPHK1 did, but negligibly to those composed of either PC only or PC and PE ( Fig. 3D ), suggesting that the binding was specific to PA. The membrane binding assay using PA species with different acyl chain compositions indicated that both GAPCs bound virtually to all PA types tested except dioctanoyl (8:0) PA (Fig. 3B ). However, GAPCs bound to liposomes containing 8:0 PA and PC (Fig. 3E) . One explanation for the difference in the binding assays is that unlike other PA species, the highly soluble nature of 8:0 PA may have caused solubilization of the lipid from the nitrocellulose membrane in the process of assay.
The PA-GAPC interaction was quantified by SPR analysis. Both GAPCs demonstrated an association/dissociation response with an increased RU when PAϩPC liposomes were injected and a decreased RU when liposome injection was stopped (Fig. 4, A and B) . The response was highly dependent on liposome concentration. The carrier lipid, PC only liposomes, barely increased RU, indicating again that GAPCs interact with PA specifically (Fig. 4C) . We tested the SPR response using a mutated Myb protein as a negative control and SPHK1 as a positive control (22) . When the same amounts of proteins were used as that of GAPCs, SPHK1 displayed the binding response to PAϩPC liposomes as reported previously (22), whereas a negligible response was obtained from the negative control protein (Fig. 4D ). GAPC1 had slightly higher association and dissociation rate constants (K a and K d ) than GAPC2 did (Fig. 4E ). The maximum binding (B max ) was estimated to be 1,225 RU for GAPC1 and 1,678 RU for GAPC2. The equilibrium binding constant (K D ) indicates that GAPC2 has a slightly higher affinity for PA than GAPC1 (Fig. 4E) .
The PA-GAPC Interaction Is Inhibited by Zn 2ϩ but Enhanced by Oxidation-Many lipid-binding domains found in lipidbinding proteins have a cationic surface responsible for the electrostatic attraction to anionic lipids (38) . The physical interaction between proteins and lipids are often dependent on the existence of divalent cations, such as Ca 2ϩ and Zn 2ϩ , on the cationic surface (38) . Thus, we tested the effect of different divalent cations on the PA-GAPC interaction. The interaction was not significantly affected by either Ca 2ϩ or Mg 2ϩ , but completely abolished by Zn 2ϩ (Fig. 5A ). It has been reported that the catalytic activity of mammalian GAPDH is inhibited by a low nanomolar concentration of Zn 2ϩ (39) . Consistent with this property, both Arabidopsis GAPCs were inhibited specifically by Zn 2ϩ in a dose-dependent manner, whereas Ca 2ϩ or Mg 2ϩ displayed no inhibitory effect on their catalytic activity (Fig. 5, B and C) .
GAPDH is known to be reversibly oxidized at a cysteine residue to lose its catalytic activity depending on the redox state of the cell (40) . In addition, our recent result indicates that oxidized GAPCs bind stronger to PLD␦ (29) . To test in what state GAPC binds to PA, we performed a PA-GAPC binding assay in the presence of hydrogen peroxide (H 2 O 2 ) and DTT as an oxidant and reductant, respectively. The PA interaction of both GAPCs was slightly enhanced by H 2 O 2 treatment but was substantially compromised in the presence of DTT (Fig. 5D ). Adding an excessive amount of H 2 O 2 restored the PA-GAPC1 interaction disrupted by DTT ( Fig. 5D ), suggesting that PA prefers binding to the oxidized form of GAPCs.
PA Does Not Affect GAPC Catalytic Activity but Promotes Proteolytic Cleavage of GAPC-To investigate whether PA binding affects the catalysis of GAPCs, we measured the enzymatic activity of GAPC in vitro with increasing concentrations of PA. The activity of either GAPC1 or GAPC2 was not signif-icantly affected by PA even at the highest concentration tested (100 M; Fig. 6A ). We then investigated whether PA affected the subcellular association of GAPC. In mammalian cells under certain growth conditions, a portion of GAPDH is localized in the nucleus, where it binds to transcription factors to regulate gene expression (41) . Thus, we examined whether GAPC was localized in the nucleus of plant cells and whether PA would have any effect on the nuclear localization. Proteins from Arabidopsis seedlings were fractionated into cytosolic and nuclear fractions. Phosphoenolpyruvate carboxylase 1 (PEPC1) and histone H3 were used as the marker for the cytosolic and nuclear fractions, respectively (Fig. 6B) . The absence of PEPC1 in the nuclear fraction and the lack of histone H3 in the cytoso- lic fraction indicate that the cytosolic and nuclear fractions were well separated ( Fig. 6B ). Using 35 S::YFP-GAPC2 transgenic Arabidopsis, GAPC2 was detected in both the cytosolic and nuclear fractions, with a majority being in the cytosol (Fig.  6B ). The nuclear localization of GAPC is consistent with previous reports (42, 43) . Semiquantification by densitometric analysis suggests that ϳ98% of total GAPC2 is in the cytosol and 2% in the nucleus.
Applications of PA to Arabidopsis seedlings decreased the amount of intact GAPC2 (66 kDa including tags) in the cytosol, but had no apparent effect on the 66-kDa banding intensity in the nucleus (Fig. 6B ). In the PA-treated samples, however, a GAPC2 fragment with a molecular mass of ϳ45 kDa including tags was observed in both cytosol and nucleus, and this fragment was detected only when the plants were treated with PA ( Fig. 6B) . Semiquantification by densitometric analysis revealed that ϳ50% of cytosolic GAPC2 and approximately 80% of nuclear GAPC2 were cleaved following PA treatment. The proteolytic cleavage of GAPC2 increased with the increase of PA concentrations applied to Arabidopsis seedlings (Fig. 6C ). However, no GAPC cleavage fragment was observed when E. coli protein extracts containing GAPC2 or purified GAPC2 were incubated with PA in vitro (Fig. 6D) . These results indicate that the PA-induced cleavage occurs in vivo and requires other effectors for the cleavage.
PA Inhibits Seedling Growth-To gain insights into the physiological effect of the PA-GAPC interaction and PA-induced cleavage of GAPC, we determined the effect of PA on seedling growth in GAPC-altered plants, using two GAPC2-overexpressing lines (GAPC2-1 and GAPC2-2) and two homozygous T-DNA insertional mutants with GAPC2 disruption at different positions (gapc2-1 and gapc2-2). Both GAPC2-1 and GAPC2-2 produced GAPC2 protein at the expected size, and gapc2-1 and gapc2-2 both lost GAPC2 transcript, as shown by immunoblotting and RT-PCR analyses, respectively (Fig. 7, A  and B) . Without added PA, seedlings of GAPC2-altered lines were indistinguishable from either wild-type (WT) or a transgenic line with empty vector (EV; supplemental Fig. S2) .
When seedlings were transferred to a medium containing 100 M PA for 5 days, however, all lines including WT and EV exhibited shorter roots and reduced seedling biomass (Fig. 7C ). GAPC2-1 and GAPC2-2 were significantly more sensitive than EV control to the growth inhibitory effect of PA whereas gapc2-1 and gapc2-2 were less responsive to PA than WT control. This result raised the possibility that the applied PA interacted with overxpressed GAPC2 that contributes to the growth inhibition. To test that, we treated the GAPC2-altered plants with PA and Zn 2ϩ and compared their growth with WT and EV treated identically. We reasoned that because Zn 2ϩ disrupted the PA-GAPC interaction (Fig. 5A) , the Zn 2ϩ treatment should alleviate the PA inhibition of seedling growth. Indeed, the application of Zn 2ϩ restored fully the PA-suppressed growth of GAPC2-1 and GAPC2-2 seedlings to that of EV (Fig. 7, D and  E) . Zn 2ϩ -treated WT and EV were slightly less sensitive to PA inhibition than non-zinc-treated seedlings, nearly to the level of the knock-out mutants (Fig. 7, C-E) , presumably due to disrup- tion of the interaction between PA and GAPC2 expressed in basal level. More importantly, PA-treated gapc2-1 or gapc2-2 did not noticeably respond to the ion. Zn 2ϩ by itself severely reduced growth of all plants (supplemental Fig. S3A ). These results suggest that PA-GAPC2 interaction is involved in seedling growth.
We also tested whether suppression of endogenous PA produced by PLD could have an effect opposite that of the PA treatment on seedling growth. The seedlings of GAPC2-knockouts and overexpression lines, as well as EV and WT, were treated with n-butyl alcohol that diverts part of PLD-produced PA to phosphatidylbutanol (44) . n-Butyl alcohol at 0.4% substantially reduced growth of all lines as reported previously (45) , but there was no significant difference among WT and GAPC2altered seedlings (supplemental Fig. S3B ). This result could mean that PLD-produced PA may operate in a manner different from exogenous PA and/or could be explained alternatively as under "Discussion."
Effect of the PA-GAPC Interaction on Gene Expression-To gain an insight into whether the PA-GAPC interaction is involved in the regulation of gene expression, this study tested several genes involved in PA biosynthesis and degradation. The application of PA substantially reduced the expression of most genes tested, with a lysophosphatidic acid acyltransferase (LPAAT2), a lipid phosphate phosphatase (LPP1), and a phospholipid diacylglycerol acyltransferase (PDAT2) being most down-regulated (Ͻ15% of untreated; Fig. 8 ). PG, another acidic phospholipid, at the same concentration of PA, did not exert as profound effect as PA did on the gene expression (supplemental Fig. S4) , indicating that the PA-suppressed gene expression was not due to the pH effect of an acidic lipid and/or nonspecific effect of an excessive exogenous compound. The only exception was LPP1 being more significantly down-regulated by PG than by PA.
Furthermore, we reasoned that if the PA-reduced gene expression is through direct interaction with GAPC, PA should not be able to affect the gene expression when the interaction is disrupted. Thus, the Zn 2ϩ effect on the PA-suppressed gene expression was tested. The gene expression was not significantly affected by Zn 2ϩ only; however, application of Zn 2ϩ together with PA to Arabidopsis seedlings partially recovered the expression of many genes suppressed by the PA treatment (Fig. 8) . 
DISCUSSION
Results of this study show that PA binds to GAPCs, and the binding is enhanced by oxidation of GAPCs. GAPDH is susceptible to reversible oxidation at a reactive cysteine residue in the active site to lose its catalytic activity and proposed to act as a molecular sensor to perceive the redox sate of the cells (40, 46) .
A recent study shows that oxidized inactive form of GAPCs interacts directly with and stimulates PLD␦, whose immediate product is PA (29) . The GAPC-PLD␦ interaction has been implicated in plant response to oxidative stress and water deficits (29) . These observations could mean that reduced, active GAPC is involved in the glycolysis for cellular energy production whereas its oxidized, inactive form may be utilized for cell signaling through its interaction with other cellular compounds. PLD␦, together with PLD␣1, is known to be involved in ABA signaling (18, 23, 29) . The PA produced by oxidized GAPC-enhanced PLD␦ activity may associate with GAPC in a feedback loop to modulate the PLD␦ activity, possibly by degrading GAPC as described below, to desensitize the ABA signaling machinery (29) .
The treatment of PA induces a partial proteolytic cleavage of GAPC2. The PA-induced GAPC2 cleavage did not occur in vitro when tested using either purified protein or E. coli lysate expressing GAPC2, suggesting that the GAPC2 cleavage requires other factors(s) in plants in addition to PA. GAPC was reported to bind to a 14-3-3 protein under sugar-sufficient conditions but lose its binding and undergo a selective partial cleavage in Arabidopsis cells starved of sugars (47) . The proteolytic fragment of GAPC was ϳ30 kDa which was close to the size of PA-induced proteolytic fragment of GAPC observed here, raising the possibility of whether a similar proteolytic activity is used for both the sugar starvation-induced and PA-mediated proteolytic cleavages of GAPC. In another study, two members of the 14-3-3 protein family were identified as putative PAbinding proteins in a PA affinity pulldown assay (36) . These observations may offer a possible mechanism for the PA-induced GAPC cleavage; 14-3-3 proteins may serve as a molecular scaffold converging downstream effectors from sugar-and PA-signaling pathways, where either PA binding or sugar deprivation induces the dissociation of GAPC from 14-3-3 and exposure of the proteolytic cleavage site on GAPC protein.
We found that exogenously added PA suppressed Arabidopsis seedling growth and that overexpression and knock out of GAPC2 had an opposite effect on the PA-reduced seedling growth. GAPC could mediate the PA-triggered growth reduction by direct interaction with PA and transducing growthslowing signal from PA. This proposition is supported by the finding that Zn 2ϩ , which disrupts the PA-GAPC binding, restored the growth of all lines nearly to the levels of knock-out mutants. In the GAPC2-knock-out mutants, this signaling pathway is attenuated by the loss of GAPC-PA interaction, thus rendering the mutant plants less sensitive to the PA-reduced growth than WT. Conversely, the GAPC overexpression may allow to meet the stoichiometry between GAPC and PA molecules so that the GAPC molecules overexpressed can more actively transduce the growth regulatory signal from the excessive PA (100 M). The GAPC expression-dependent PA inhibition of growth and its restoration by Zn 2ϩ -mediated disruption of PA-GAPC interaction clearly support a connection between biochemical events of the PA-GAPC interaction and physiological consequence of the altered growth phenotype.
We used an alcohol treatment in an attempt to corroborate whether PLD-produced PA in plants was involved in the GAPC-mediated effect. Arabidopsis has 12 PLDs, and there are Transgenic Arabidopsis lines overexpressing GAPC2 were grown with (ϩ) and without (Ϫ) 100 M PA for 2 days and fractionated into cytosol and nucleus. The proteins were probed by immunoblotting using anti-FLAG antibody. PEPC1 and histone H3 were used as cytosolic and nuclear protein markers, respectively. Asterisks denote the proteolytic fragment of GAPC2. Molecular masses of the corresponding proteins are indicated on the right. EV, empty vector control; GAPC2, GAPC2 overexpressor. C, dose-dependent proteolytic fragmentation of GAPC2 by PA. Transgenic Arabidopsis line overexpressing GAPC2 was grown with PA for 2 days at different concentrations indicated, and total proteins were probed by immunoblotting using anti-FLAG antibody. The position of proteolytic fragments is indicated by an arrow. D, in vitro assay of GAPC2 proteolysis. E. coli lysate expressing GAPC2 and affinity-purified GAPC2 were incubated with (ϩ) or without (Ϫ) 100 M PA overnight and probed using anti-His 6 antibody on the immunoblot. no mutants deficient in all PLDs or inhibitors that are specific to plant PLDs. Primary alcohols, such as n-butyl alcohol, are sometimes used to suppress PLD-produced PA. The alcohol treatment makes use of the PLD transphosphatidylation activity that forms phosphatidylalcohol at the expense of PA. It should be noted that the treatment of primary alcohols to plants often activates PLD, even though it diverts part of the phosphatidyl moiety from PA to phosphatidylalcohol (1). The alco-hol-induced increase in phospholipid hydrolysis may have other consequences. Thus, the data with alcohol treatment need to be interpreted with caution. The lack of the opposite effect of the n-butyl alcohol treatment on seedling growth from that of applied PA on GAPC2-overexpressing seedling could result from the nonspecific effect of the alcohol. In addition to PLD, PA can be produced by other routes, such as diacylglycerol kinases and de novo biosynthesis (1). Therefore, the cellular source of PA that interacts with GAPCs requires further investigation.
GAPCs have been regarded as two phosphorylating cytosolic forms of GAPDH, but our results show that GAPC2 and its cleavage product are present both in the cytosol and the nucleus. This raises questions on the function of the nuclear GAPCs. In mammalian cells, GAPDH, in addition to the role as a glycolytic enzyme, has multiple functions, such as the regulation of gene expression, cell signaling, and membrane trafficking (41) . GAPDH functions in both transcriptional and posttranscriptional regulations of gene expression through diverse molecular mechanisms. GAPDH is able to regulate gene expression by maintaining DNA integrity in the nucleus and modulating mRNA stability in the cytosol, via protein-nucleic acid interaction, as well as by associating with transcription factors (48 -50) . Glycolytic activity is not required for many of these novel functions of GAPDH. The present study tested the effect of PA and potential PA-GAPC interaction on the expression of several genes involved in PA biosynthesis and degradation. Treatment with PA inhibited the expression of many genes whereas PA/Zn 2ϩ co-treatment prevented PA inhibition. Among them, LPAAT2 was most responsive to both PA inhibition and Zn 2ϩ restoration. LPAAT is an endomembrane-associated enzyme that catalyzes the synthesis of PA by incorporating an acyl chain to lysoPA. Thus, LPAAT expression may be suppressed by PA as a feedback inhibition, possibly being mediated by GAPC. GAPC is likely to behave in a manner similar to the mammalian system to regulate the gene expression in Arabidopsis cells, and this process may be modulated by the PA binding through the PA-induced proteolysis of GAPC. PA may compromise GAPC protein integrity by inducing proteolysis, possibly through being mediated by 14-3-3 as described, to impede its regulatory activity. Otherwise, the cleavage products of GAPC may have an activity in the regulation of gene expression. The small size of fragments may permit the polypeptides to enter the nucleus where they have influence on the gene expression, which is supported by a slightly more abundance of the fragment in the nucleus than in the cytosol demonstrated in this study. Alternatively, the cytosolic fragment of GAPC may regulate the gene expression posttranscriptionally, possibly by modulating mRNA stability in the cytosol as mammalian GAPDH does. It will be of interest in future studies to elucidate the detailed mechanism for the alteration of GAPC regulatory function by PA binding.
We propose that PA physically interacts with oxidized, inactive GAPC to induce proteolysis of the protein. GAPC catalyzes a reaction in the glycolytic pathway important for energy production and for providing metabolic intermediates for other biosynthetic processes, including lipids. PA is a key intermediate in glycerolipid biosynthesis. The identification of GAPC as a PA-binding protein in Camelina and Arabidopsis raises an intriguing question of whether the PA-GAPC interaction provides a metabolic link coordinating carbohydrate and lipid metabolism. It will be of great interest in further studies to determine whether and how the PA-GAPC interaction plays a role in plant metabolism, biomass accumulation, and stress response.
Addendum-While the work described in the paper was submitted for publication, another study screening for PA-binding proteins under NaCl stress in Arabidopsis also identified GAPC interacting with PA (51) .
